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Introduction
Nitrite was approved for use in most countries in fermented 
meat for its helpful to product color and antiseptic effect. 
Because of its current use of additives also could not be 
substituted by other alternative, nitrite was still widely used 
in meat processing. So the adaption of strains after high 
nitrate concentration shock was important selected criteria 
to the starter in fermented meat.
Quorum sensing (QS) was the process of cell-to-cell 
signaling that enables bacteria to collectively control gene 
expression, thereby coordinating activities that were pro-
ductive only at a high population density. It was further 
shown that bacterial processes [1–7, 13] such as biofilm 
formation [10], bioluminescence, motility, virulence factor 
secretion, antibiotic production, and sporulation could be 
controlled by QS systems.
Autoinducer-2 (AI-2)-mediated QS had been extensively 
studied in relation to the regulation of microbial behavior 
[8, 9], which played a unique role as it was the only pres-
ently known species-nonspecific signaling molecule pro-
duced by both Gram-negative and Gram-positive bacteria. 
AI-2 was produced by LuxS, an enzyme found in many 
bacterial species and thus proposed to enable interspecies 
communication [17]. The LuxS gene was present in sev-
eral Gram-positive and Gram-negative bacterial species, 
but few species have been definitively shown to use an AI-
2/LuxS quorum-sensing system, especially as fermented 
starter in food [11, 12, 14, 16].
Among food-relevant bacteria, AI-2 had been found to 
control biofilm formation in Listeria monocytogenes and 
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virulence in both Staphylococcus aureus and Escherichia 
coli. However, AI-2-controlled behaviors were not only 
restricted to pathogenic bacteria [18, 19] but are also found 
among food-relevant starter cultures and probiotic bacte-
ria such as acid stress regulation in Lactococcus lactis and 
Lactobacillus spp., respectively [13, 30].
Lactic acid bacteria (LAB) constitute a huge and het-
erogeneous group of food-grade microorganisms, including 
many genera, such as Lactobacillus, Enterococcus, Lac-
tococcus, Leuconostoc, and Streptococcus that played an 
essential role in the fermentation of animal and vegetable 
raw materials, including milk, meat and fish, vegetables, 
cocoa, and coffee.
Lactobacillus was the most wildly used food starter. Pre-
vious studies had shown that LuxS homologs had been found 
in the genome of different lactobacilli [20–22] and produc-
tion of AI-2 by some Lactobacillus species had been inves-
tigated earlier [8] had investigated the functional role of the 
LuxS gene in the probiotic bacterium Lactobacillus rhamno-
sus GG. They found that mutation of this gene had aphelio-
tropic physiological effects on the growth of L. rhamnosus 
GG and also the mutation made a defect in mono-species 
biofilm formation. The complex nutritional requirements of 
the mutant showed disruption of many interdependent meta-
bolic fluxes, which indicates a central metabolic role for the 
LuxS gene in L. rhamnosus GG. Involvement of LuxS gene 
in the regulation of environmental stresses such as acidic 
stress has been also proven in lactobacillus spp. [30].
To the best of our knowledge, no previous studies 
had focused on AI-2/LuxS-controlled behaviors in fer-
mented food bacteria. The aim of the present study was 
to determine whether bacterial strains belonging to spe-
cies involved in fermented food had the ability to produce 
AI-2/LuxS and how they played the rule in fermented 
procession.
In the case of AI-2/LuxS, the influence of important fer-
mented-relevant stress conditions as high nitrate concentra-
tion shock on the AI-2/LuxS activity was investigated.
Materials and methods
Strains and propagation
The LAB strains used in this study were isolated from sam-
ples taken from Chinese fermented meat (6 samples). The 
LAB strains used in this study were identificated by San-
gon Biotech Ltd. (Shanghai, China) to be (1) Lactobacillus 
plantarum strain F, (2) Lactobacillus sakei strain L4 and 
(3) Lactobacillus plantarum strain R based on biochemical 
tests, and a 1.5-kbp sequence of the 16S rRNA gene region 
which was fully determined and analyzed by the Clustal W 
program.
Samples were spread-plated on the following agar 
media within 12 h after collection: de Man–Rogosa–
Sharpe (MRS) agar, modified MRS (mMRS) agar contain-
ing 50 g/L of sucrose instead of glucose. Agar media were 
incubated at 37 °C for 12 h. Subsequently, mucoid and ropy 
colonies were picked up, purified, and tested for catalase 
activity. Catalase-negative bacteria displaying a mucoid or 
ropy phenotype were stored at −80 °C in their correspond-
ing isolation medium supplemented with 25 % (v/v) of 
glycerol as a cryoprotectant.
Growth of bacterial strains
After the second propagation step, the cultures were used 
for inoculation of 100 mL of MRS (OD600 nm 0.03 corre-
sponding to 1 × 10−6 cfu). Growth was performed at 37 °C 
with shaking at 120 rpm and followed by measurement of 
the optical density at 600 nm using a PUXI UV spectro-
photometer (PUXI, Bei Jin, China). Lag phases (l) were 
determined by extrapolation of the intercept between the 
line of OD0 h and the exponential phase line.
Preparation of cell-free supernatants
Cell-free supernatants from the smear bacteria were pre-
pared by removing cells from growth medium by centrifu-
gation (4,000g for 10 min) followed by passing the super-
natants through 0.20 mm filters (DGS02025SO, Millipore, 
Billerica, MA, USA). Cell-free supernatants were stored at 
4 °C before use.
Autoinducer-2 bioluminescence assay [24]
AI-2 activity was determined by the AI-2 biolumines-
cence assay, which relies on the ability of a Vibrio har-
veyi reporter strain (BB170) to produce bioluminescence 
in response to AI-2. Briefly, the V. harveyi BB170 reporter 
strain (AI-1 sensor negative and AI-2 sensor positive) was 
grown with aeration (120 rpm) at 30 °C for 16 h in AB 
medium [14]. The culture was diluted 1:5000 into fresh 
AB medium and cell-free supernatants from the strains 
listed in Table 1 were added to a final concentration of 
10 % (v/v). Cell-free supernatant obtained from V. har-
veyi BB152 (expresses AI-2 but not AI-1) grown in AB 
media was used as positive control, whereas sterile growth 
medium (TSB) was used as negative control. The 96-well 
plate (237108 k, Nunc, Roskilde, Denmark)was incubated 
at 30 °C, and light measurement was performed every 
15 min using the FLUOstar Optima Microplate Reader 
(BMG LABTECH, Durham, NC, USA). Maximal stimu-
lation of V. harveyi BB170 bioluminescence occurred 
between 4 and 5 h after addition of cell-free supernatant. 
Data are reported as relative bioluminescence (%), where 
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the positive and negative controls are set to 100 and 0 %, 
respectively.
Effect of high nitrate concentrations on expression of LuxS 
gene [23]
At late exponential phase (OD600 nm 2.0e4.0), cultures of 
bacteria were divided into 3 aliquots, centrifuged (4,000g 
for 10 min) and supernatants were removed. For determi-
nation of the influence of high nitrate concentrations on 
expression of LuxS, cells were resuspended in MRS with 
0 %, 0.005 %, 0.01 % (w/v) nitrate (NaNO3, 306 C). After 
3, 9, 15, 21, 27, 33 and 36 h of incubation, cell were pre-
pared and tested for expression of LuxS gene. The GAPDH 
of lactobacillus was used as an internal control for tran-
script normalization.
RNA isolation and qRT-PCR [33]
Total RNA was extracted from Lactobacillus using the 
RNAprep Pure Kit (TaKaRa) following the manufacturer’s 
instruction. CDNA was transcribed from 0.5 µg of each 
total RNA using a PrimeScript RT Reagent Kit (TaKaRa). 
qRT-PCR was performed using 2 µg of CDNA product and 
each primer of 0.4 µM in a 25 µL reaction volume with 
SYBR Premix Ex TaqTM(Perfect Real Time; TaKaRa) on 
a Mini-Opticon real-time PCR system(Bio-Rad, Hercu-
les, USA). The specific primers used for qRT-PCR analy-
sis were designed on the basis of the 3′ or 5′-untranslated 
regions (UTR) of individual genes using the Primer Pre-
mier 5 software (http://www.premieriosoft.com/primerd
esign/), and the primer sets finally were run using a pro-
gram: 95 °C for 30 s, followed by 40 cycles (95 °C for 
5 s and 60 °C for 30 s).The amplification efficiencies for 
all genes tested in this study ranged 95–110 %.Data were 
analyzed according to the threshold cycle (Ct).The rela-
tive changes in gene expression were quantified using 
the 2−△△Ct method. Differences indicated in Fig. 5 
were based on Duncan’s multiple range tests using DPS 
software(www.chinadps.net).
Determination of nitrate reduction from the three strains 
[15]
The capability of the three strains to reduce nitrate was 
evaluated by determining their residue amount in each 
model-medium (0.005 and 0.01 %). The quantitative evalu-
ation was carried out with the cuvette tests according to the 
enclosed instructions. A test tube containing 1 mL sample 
solution from each model-medium was first led in water 
bath at 80 °C for 15 min to stop enzymatic processes and 
then centrifuged (16RS, Beckman, USA) at 10,000 g for 
at least 1 min at room temperature(25 °C).The superna-
tant was filtered with filter paper No.595 1/2 in a funnel. 
The supernatant was kept at −72 °C in Safe-Lock tubes 
(Eppendorf-Netheler-Hanz GmbH, Germany) until used for 
the enzymatic analysis. The test for nitrate was based on 
the photo metric measurement of NADPH. In the presence 
of the enzyme nitrate reductase, nitrate is reduced to nitrite 
by NADPH. The amount of NADPH oxidized during the 
reaction is linearly proportional to the amount of nitrate. 
The amount of reduced nitrate was determined by measur-
ing the decrease in NADPH by means of its light absorb-
ance at 340 nm. The samples of test were evaluated every 
3, 9, 15, 21, 27, 33 and 36 h.
Results and discussion
The QS system involving AI-2/LuxS appeared to be the 
most widespread WS system among bacterial species. 
Many bacteria had been reported previously to use QS sys-
tems to adapt to environmental changes [26, 28, 30]. In this 
study, increased LuxS expression was observed when Lac-
tobacillus plantarum strain F, Lactobacillus sakei strain 
L4, Lactobacillus plantarum strain R were transferred to an 
environment with high nitrate concentrations (0.005 % and 
0.01 %, w/v).
Alignment of LuxS and phylogenetic relationship analysis
In our studies, three LuxS sequences were isolated from 
lactobacillus bacteria in Chinese fermented meat, and 
BLAST similarity searching against the GenBank data-
base showed they had some similarities to each other. To 
obtain the complete LuxS sequences corresponding to the 
three bacteria in fermented meat, 3′ and 5′ RACE were per-
formed. After sequencing, three full-length LuxS of 452, 
446, and 443 bp were found (Figs. 1, 2, 3).
Alignment of protein sequences revealed that func-
tional protein domains were retained in all LuxS sequences 
Table 1  DNA primers list in this study
No. Genes Oligonucleotide sequence (5′-3′)
Primers for general PCR and gene cloning
 1 LuxSForward ATggCTAAAgTAgAAAgTTTTAC
 2 LuxSReverse CTATTCAACgACTTTgCgTACAA
 3 GAPDHForward ATgTCTgTAAAAATTggTATTAATg
 4 GAPDHReverse TTAgAgAgTggCgAACTTCAATAAA
qPCR primers
 5 LuxSForward CATTTggTTgTCggACTggTT
 6 LuxSReverse TCCCTTgTACgTCTTCCCACTT
 7 GAPDHForward ATgCTgAACCACAAgCACAAA
 8 GAPDHReverse AgCAggAgAAATCAAgACAC
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(Fig. 3). Not only were three highly conserved sites critical 
for zinc binding (His 58, and His 61) observed clearly in 
this suspected LuxS specie from strains (Fig. 3), but also 
a recently reported amino acid (Gly82)was present that is 
required for AI-2 production (Plummer et al. 2011).
Predicted by the Protean program in DNAstar software, 
the deduced translation product of LuxS from strain F con-
sisted of 158 amino acids with a relative molecular mass of 
17,320.8 Da and a theoretical isoelectric point of 6.19. In 
case of LuxS from strain R, it encoded a 156 amino acid and 
17,102.4 Da protein, whose theoretical isoelectric point was 
5.68. The deduced translation products of LuxS from L4 
strain consisted of 157 amino acids with a relative molecu-
lar mass of 17,350.7 Da and a theoretical isoelectric of 5.93.
No typical signal peptides were found in all LuxS after 
analyzing their N-terminals using the SignalP software. 
Moreover, the transmembrane topology predictions of three 
LuxS were carried out with TMHMM 2.0 software. The 
results showed that there was a weak internal transmem-
brane segment in them (Figs. 1, 2, 3).
AI-2 activity at standard growth conditions in 36 h
With respect to AI-2 activity at standard growth condi-
tions, Gori et al. [19] and Moslehi-Jenabian [30] found 
that five strains including Arthrobacter nicotianae 20123, 
Corynebacterium ammoniagenes 20305, ammoniagenes 
20306, Corynebacterium casei 44701 and Microbacterium 
barkeri 20145 have AI-2 activity. The AI-2 activity in them 
increased during 8 to 14 h and then decreased after that every 
2 h. However, the AI-2 activity was not found after 16 h.
As seen in Fig. 1, AI-2 activity was determined in all the 
three supernatants of the bacterial strains fermented meat. 
AI-2 of (a) and (b) strain augments dramatically in the mid-
log phase and decreases during the stationary phase. While, 
the AI-2 activity of (c) increased before the mid-log phases, 
then also decreases during the stationary phase.
The AI-2 activity patterns may be depended upon their 
own growth curve [25, 27, 29] (Fig. 4). It was noticed that 
strain (a) and strain (b) had the similar AI-2 activity curves 
different from curves of strain (c) the same as their similar 
growth curve (Fig. 4).
Strain (c) was found to have the higher AI-2 activity 
rather than in strain (a) and strain (b). The maximum AI-2 
activity was found in strain (c) could be detected at 3-6 h 
of fermentation, whereas for the remaining two strains, 
the maximum AI-2 activity was detected at 18–21 h of 
fermentation. It was also worth noting that the AI-2 of the 
three tested strains was seemed like wavy curve rather than 
parabolic curve. AI-2 activity was may be correlated to the 
maximum specific growth rate, when AI-2 activity was 
observed earlier in the bacterial strains growing with the 
fastest maximum specific growth rate (Fig. 4).
Transcriptional analysis of the LuxS gene after high nitrate 
concentration shock
To further investigate the effect of high nitrate concentra-
tion shock on the AI-2 activity at transcription level, the 
transcription level of the LuxS gene was monitored in (1) 
Lactobacillus plantarum strain F, (2) Lactobacillus sakei 
strain L4 and (3) Lactobacillus plantarum strain R after 
exposure to high nitrate concentration shock with qRT-
PCR. The housekeeping gene GAPDH was used as internal 
Fig. 1  PCR amplification for detection of LuxS RNA in strain R 
(strain a), F (strain b), and L4 (strain c)
Fig. 2  Phylogenetic relation-
ship among LuxS from other 
lactobacillus strains
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control. It was verified that nitrate stress has obvious influ-
ence on the transcription level of this gene (Fig. 5, Table 2).
After nitrate attack, the transcript levels of all strains 
obviously increased than without attack. In all the three 
strains, the transcription level of the LuxS gene was found 
to increase to high nitrate concentration evidently. And the 
increased level of the LuxS gene was correlated with the 
concentration of nitrate. As seen in Fig. 5, for the bacterial 
strains, the higher increases in LuxS gene for were observed 
in higher nitrate concentration. However, the increase of 
LuxS gene in the three strains was not at equal level under 
the same nitrate shock, which maybe subject to different tol-
erance to nitrates of the strains. For crest, if the strain had 
better adaptability, the peaks appeared less. To the strain (a) 
and (b), there were only one main peak (at 15 h) and anther 
small peak (at 33 h),while three peaks (at 3, 21, 36 h), were 
found in 36 h in strain (c). And when the nitrate concentra-
tion reached 0.01 %, three peaks also were found in strain 
(b).From all above, bacterial strains belonging to lactobacil-
lus found on fermented meat were found to produce AI-2 
activity and express LuxS gene every 3 h from 0 to 36 h 
exposed to high nitrate concentration stress in this study.
The exact consequences of AI-2 production and LuxS 
genes by fermented remain unclear. However, as a nonspe-
cific QS molecule involved in stress regulation, AI-2/LuxS 
might play an important role in the succession of the com-
plex microbial flora found on fermented meat.
Increased knowledge of how starter cultures as well 
as lactobacillus in fermented products use QS to control 
growth may be of particular importance to obtain high 
quality and safety. Starter cultures might be stimulated 
by the addition of the so-called pro-QS compounds 
resulting in increased microbial communication, which 
could be used to ensure the establishment and growth of 
starter cultures and thus stimulate important technologi-
cal properties. AI-2/LuxS seems most relevant for bac-
terial species such as lactobacillus present in the early 
stages of ripening, where the Chinese fermented meat is 
characterized by high concentration of nitrate. In most 
publications to date, LuxS was assumed to be dedicated 
to AI-2 production and cell-to-cell communication, and 
further physiological functions had rarely been taken 
into consideration. Only a few reports have pointed out 
that LuxS played a role in a recycling pathway linked to 
methionine metabolism, which may, in fact, be its most 
important function in many organisms. Indeed, when 
Miller and Duerre (1968) first analyzed this enzyme in E. 
coli more than three decades ago, it was in the context of 
SAH degradation and methionine biosynthesis [31–33]. 
It was now clear that LuxS fulfills a role in a metabolic 
cycle termed the “activated methyl cycle” [34, 35] (Fig. 
5, Table 2).
Nitrate reduction of the three strains after high nitrate 
concentration shock
In order to investigate the nitrate reductase activity of the 
three strains further, the remaining of nitrate content was 
Fig. 3  Multiple alignments of LuxS homolog from (a) Lactobacil-
lus plantarum strain F, (b) Lactobacillus sakei strain L4, (c) Lacto-
bacillus plantarum strain R with the related LuxS proteins. The mul-
tiple alignment was conducted using ClustalW2 (http://www.ebi.ac.
uk/Tools/clustalw2/index.html), and the final output was expressed 
through processing of program ESPript 2.2 (http://www.espript.ibcp.
fr/ESPript/cgi-bin/ESPript.cgi). The protein sequences of LuxS pro-
tein used here are sampled from a collection of selected bacteria, 
which included Lactobacillus plantarum strain 1, Lactobacillus plan-
tarum strain SQ332, Lactobacillus reuteri strain 100-23, Lactobacil-
lus reuteri strain RC-14, Lactobacillus reuteri 2. Three conserved 
zinc-binding sites (H57 and H61) are indicated with black triangles. 
A critical amino acid G81 was also very conserved (highlighted with 
an arrow), which was recently found to be an active site for AI-2 pro-
duction in Campylobacter jejuni
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also frequently measured during the period of 36 h. The 
results were calculated as a percentage of the start concen-
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Fig. 4  Autoinducer-2 (AI-2) activity in supernatants of (a) Lactoba-
cillus plantarum strain F, b Lactobacillus sakei strain L4, c Lactoba-
cillus plantarum strain R determined by the Vibrio harveyi BB170 
bioluminescence assay. Supernatants were collected after 3, 6, 9, 12, 
15, 18, 21, 24, 27, 30, 33 and 36 h of growth. The level of AI-2 activ-
ity for V. harveyi BB170 was set to 100 %, whereas sterile growth 
medium was set to 0 %. Results are the average of three independent 
determinations (the error bars indicate standard deviations). Growth 
curves are included to illustrate that the observed AI-2 activities were 
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Fig. 5  Relative levels of LuxS expression of strain (a), (b) and (c) 
after various inductions. GAPDH was used as internal control. Data 
represent the mean ± SD (n = 6) of six samples. Different letters 
above bars represent significant differences at P < 0.05. The experi-
ments were repeated 3 times with similar results
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In the present work, the tested three strains all showed 
nitrate reductase capabilities with the remnants of nitrate 
ranged from 78.21 to 87.53 % of the start concentration 
(0.005 %) after 36 h fermentation. While the remnants of 
nitrate ranged from 91.13 to 94.10 % of the start concen-
tration (0.01 %) after 36 h fermentation. Both in the two 
nitrate broth, nitrate reductase capabilities with the rem-
nants of nitrate of (a) (b) and (c) strains all decreased dur-
ing 36 h. However, to all the three strains, the remnants of 
nitrate were found to increase in high nitrate concentra-
tion evidently, which was may be due to the decrease of 
OD value of the strain. However, the regulation of nitrate 
reductase from the three strains was not inconsistent with 
the LuxS genes in the same fermentation time (36 h).
These nitrate reduction was mainly achieved during 
the initial phase of fermentation where a shardly any fur-
ther nitrate was reduced after 15 h. It was found there were 
negative correlation between AI-2 and the nitrate reduction 
of (a) and (b) strain during 15 h, the positive correlation 
of strain (c) during 12 h. To the LuxS genes, there were 
very little relation between the reduction of nitrate with 
LuxS genes. There was one point was sure that both of the 
reduction of nitrate and the LuxS genes were all decreased 
in 0.01 % (w/v) than in 0.005 % (w/v).The reason for this 
may have been the pH decrease, the tolerance of strains and 
the concentration nitration in the medium all influencing 
the activity of the nitrate reductase. It was still need fur-
ther study about the LuxS genes how to regulate activity of 
nitrate reductase.
Conclusions
In conclusion, AI-2/LuxS activity was shown in superna-
tants from strains of three lactobacillus strains (all found 
in the Chinese fermented meat). Expression of LuxS was 
Table 2  Ct of LuxS expression 
of strain (a), (b) and (c) after 
various inductions: (1) 0 % 
(w/v) nitrate concentrations, 
(2) 0.005 % (w/v) nitrate 
concentrations and (3) 0.01 % 
(w/v) nitrate concentrations
Time (h) 0 %
(a) (b) (c)
(1)
 3 34.72 ± 0.03 34.76 ± 0.04 28.03 ± 0.02
 9 34.54 ± 0.02 34.49 ± 0.06 27.56 ± 0.04
 15 34.22 ± 0.03 34.645 ± 0.05 27.43 ± 0.04
 21 34.56 ± 0.05 27.365 ± 0.03 27.61 ± 0.06
 27 34.74 ± 0.02 27.78 ± 0.02 27.62 ± 0.04
 33 34.62 ± 0.03 27.64 ± 0.03 27.49 ± 0.03
 36 34.49 ± 0.04 27.83 ± 0.02 27.54 ± 0.03
Time (h) 0.005 %
(a) (b) (c)
(2)
 3 28.61 ± 0.02 34.57 ± 0.03 25.12 ± 0.03
 9 28.44 ± 0.03 34.25 ± 0.04 25.25 ± 0.05
 15 28.45 ± 0.01 34.18 ± 0.02 25.11 ± 0.02
 21 28.39 ± 0.04 34.212 ± 0.03 25.91 ± 0.03
 27 28.76 ± 0.03 34.62 ± 0.06 25.69 ± 0.04
 33 28.53 ± 0.04 34.65 ± 0.02 25.55 ± 0.04
 36 28.68 ± 0.03 34.58 ± 0.04 25.32 ± 0.03
Time (h) 0.01 %
(a) (b) (c)
(3)
 3 26.43 ± 0.01 25.57 ± 0.02 25.04 ± 0.03
 9 33.13 ± 0.03 25.61 ± 0.04 25.37 ± 0.03
 15 35.43 ± 0.02 26.03 ± 0.02 25.71 ± 0.02
 21 27.36 ± 0.03 25.47 ± 0.02 25.21 ± 0.02
 27 34.97 ± 0.04 26.02 ± 0.01 25.77 ± 0.04
 33 32.54 ± 0.02 26.01 ± 0.02 25.66 ± 0.02
 36 31.67 ± 0.02 26.02 ± 0.02 25.01 ± 0.03
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increased by meat-relevant stress conditions as high nitrate 
concentrations indicating that AI-2/LuxS signaling has a 
regulating role in stress adaptation in these bacteria. The 
results indicate that AI-2/LuxS signaling might take place 
different change law of bacteria found in Chinese fer-
mented meat. These results indicate that LuxS-mediated 
QS via AI-2 activity could be also involved in nitrate stress 
response in Lactobacillus.
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